Retroviruses incorporate specific host cell RNAs into virions. In particular, the host noncoding 7SL RNA is highly abundant in all examined retroviruses compared with its cellular levels or relative to common mRNAs such as actin. Using live cell imaging techniques, we have determined that the 7SL RNA does not arrive with the HIV-1 RNA genome. Instead, it is recruited contemporaneously with assembly of the protein HIV-1 Gag at the plasma membrane. Further, we demonstrate that complexes of 7SL RNA and Gag can be immunoprecipitated from both cytosolic and plasma membrane fractions. This indicates that 7SL RNAs likely interact with Gag prior to highorder Gag multimerization at the plasma membrane. Thus, the interactions between Gag and the host RNA 7SL occur independent of the interactions between Gag and the host endosomal sorting complex required for transport (ESCRT) proteins, which are recruited temporarily at late stages of assembly. The interactions of 7SL and Gag are also independent of interactions of Gag and the HIV-1 genome which are seen on the plasma membrane prior to assembly of Gag.
| INTRODUCTION
All retroviruses recruit selective host cell noncoding RNAs (ncRNAs) into virions. [1] [2] [3] [4] [5] Notably, the 7SL ncRNA, the RNA component of the signal recognition particle (SRP) is highly enriched in HIV-1 and other retroviruses. 1, [6] [7] [8] [9] Indeed, the 7SL RNA is found at a 6-to 7-fold molar excess over the genomic RNA of HIV. 8, 9 7SL is likely recruited shortly after its synthesis, before assembling into SRP, since most SRP proteins are not detected in virions. This is consistent with the observation that overexpression of SRP19, a subunit that plays a critical role in SRP assembly, reduces incorporation of 7SL into virions. 10, 11 Although packaging of host ncRNAs into retroviruses has been described since the 1970s, 1,3 the mechanism by which specific RNAs are selected for encapsidation, and the contributions of these ncRNAs to the HIV-1 lifecycle remain poorly understood. While the genomic RNA (gRNA) is dispensable in assembly of virus-like particles (VLPs), the role of the host RNAs is unresolved. 12 Here, using a version of 7SL that has been modified to include stem loops that allow for live fluorescence imaging during viral assembly, we visualized the appearance of 7SL RNA at the plasma membrane and its accumulation at sites of viral assembly. The 7SL
did not arrive with the HIV-1 genome but instead arrived contemporaneous with the viral structural Gag protein. These data are consistent with models in which either the assembling Gag recruits the 7SL RNA or Gag and 7SL co-assemble in the cytosol and are co-recruited to sites of assembly on the plasma membrane. Cell fractionation experiments indicate that Gag and 7SL complexes are present in both cytosolic and plasma membrane fractions, suggesting that the interaction between Gag and 7SL likely occurs prior to the recruitment of Gag to the plasma membrane.
| RESULTS AND DISCUSSION

| Insertion of MS2 stem loops into 7SL for fluorescence imaging in live cells
To track the 7SL RNAs, we wanted to tag them with a fluorescent probe that would allow for live fluorescence imaging of the RNAs during viral assembly in living cells, while causing minimal disruption to its recruitment to HIV-1. Our approach was to tag the RNA with stem loops that bind specifically to the coat protein of the bacteriophage MS2. [13] [14] [15] When the MS2 coat protein (MCP) is fluorescently expressed as a fusion to a fluorescent protein, this enables its localization to be tracked. The 7SL particle has an Alu domain and an Sdomain. Previous work has shown that truncated 7SL RNAs containing only the Alu domain compete with endogenous full-length 7SL
for packaging by HIV-1. 16 In contrast, truncated 7SL RNAs containing only the S domain can be encapsidated by HIV-1 but do not compete with endogenous 7SL RNA for virus packaging. 16 Since the S domain is dispensable for specific 7SL RNA uptake, we replaced the stem loops in this domain of 7SL with stem loops that bind the MS2 coat protein ( Figure 1 ). We inserted two pairs of MS2 coat-binding stem loops to both minimize disruption to the overall size and structure of the ncRNA and to increase the fluorescent signal of the tagged molecule. Since the resulting 7SL-MS2 clones lack binding sites for SRP19
protein (Figure 1 ), they cannot assemble into mature SRP and thus should be packaged with high efficiency.
| Packaging of 7SL ncRNAs
The human genome contains two 7SL genes, 7SL1 and 7SL2, both of which are expressed in most cells and are also highly enriched in HIV-1 virions. 17, 18 For our studies, we generated MS2-stem loop- 24 To this end, the genes encoding 7SL1-MS2 and 7SL2-MS2 were co-transfected into human HEK293T cells together with a HIV proviral clone in which env was replaced by a puromycin cassette (pHIV-GPP; Figure 2B ). As a control, we also co-transfected a plasmid encoding the Alu114 RNA, a VLPs were imaged on a coverslip with total internal reflection fluorescence microscopy (TIR-FM). Most of the fluorescent puncta of Gag appeared to localize with fluorescent 7SL-MS2 (61 of 100 puncta; Figure 3B ). This was further tested by confirming the spatial correlation between Gag and 7SL using a pixel shift analysis ( Figure 3C,D) . When the Gag signal in VLPs is shifted spatially, the correlation (visualized as a peak in the graph) decreases with every pixel shifted. When the Gag signal is shifted 90 , then no correlation is detected ( Figure 3D ). In a deconvolved epi-fluorescence image of a plane through the middle of the cell ( Figure 3A) , the same analysis is not able to pick up a spatial correlation ( Figure 3C ). This is presumably because the Gag signal is diffuse and the amount interacting 
| Assembly of 7SL ncRNAs and HIV-1 VLPs
The 7SL ncRNAs were tracked during assembly of single HIV-1 VLPs at the plasma membrane by utilizing dual-color time lapse TIR-FM ( Figure 4) . As previously reported, 19 the genome of HIV-1 appears first at the membrane before Gag can be detected. The genome sometimes appears briefly (<1 second) and then disappears. Other times, the genome resides longer and then Gag is observed to polymerize at the same spot. At first the Gag-genome puncta drifts in the membrane, but its mobility reduces as the more Gag accumulates. 25 Similarly, we identified two different dynamic behaviors of 7SL ncRNAs at the plasma membrane. Some of the 7SL ncRNAs were only detected at the plasma membrane transiently. When Gag was not present, this was the only behavior of 7SL ncRNAs observed (Video S1, Supporting Information).
A second behavior of 7SL ncRNAs was appearing synchronously with To test if the 7SL ncRNA was being recruited to the membrane along with all Gag or was only being recruited to Gag that was assem-
bling into puncta, we tested whether a version of Gag that cannot multimerize (Gag-ΔCTD-mCherry) was sufficient for 7SL ncRNA recruitment to the plasma membrane. The behavior of the 7SL in the presence of the Gag-ΔCTD-mCherry was similar to the behavior in the absence of Gag. The 7SL failed to be stably recruited to the mem- 
| 7SL ncRNAs interact with HIV-1 Gag in the cytoplasm and at the plasma membrane
Due to the synchronous appearance of 7SL RNA and HIV-1 Gag at the plasma membrane, we sought to investigate whether they first associate in the cytosol. After transfecting Gag-GFP into HEK 293T cells, we subjected postnuclear extracts to equilibrium flotation gradients, allowing us to obtain cytosolic and membrane fractions. 26 Western blotting to detect Gag-GFP revealed that it fractionated with both membranes ( Figure 5A , top panel, fractions 2 and 3) and with cytoplasm (fraction 10) as described previously. 26 Northern blotting revealed that while most 7SL RNA remained in the bottom fractions, some 7SL fractionated with membranes ( Figure 5A , bottom panel) Immunoprecipitation with anti-GFP antibody revealed that a small fraction of 7SL RNA was complexed with Gag-GFP in both the membrane and cytoplasmic fractions ( Figure 5B ). Although the fraction of 7SL associated was Gag-GFP was small (less than 1%), most endogenous 7SL RNA is in the form of mature SRP, 27 and only 1%-2% of HIV genomic RNA was found to co-immunoprecipitate with Gag-GFP in similar experiments. 26 Therefore, we conclude that at least some Gag associates with 7SL RNA in the cytosol.
Evidence from live cell imaging and biochemical analysis of the incorporation of the ncRNA 7SL in HIV-1 VLPs supports a model where 7SL ncRNAs are recruited to sites of assembly due to their interactions with Gag. Our data are consistent with a model in which 7SL-Gag complexes from the cytoplasm may be recruited together to sites of assembly on the plasma membrane. These data indicate that the interactions between Gag and the 7SL ncRNA are distinct from the interactions of Gag with the HIV-1 genome, which is seen on the plasma membrane prior to assembly of Gag. 25 Also, the interactions of 7SL ncRNA and Gag are notably different from interactions of Gag with the endosomal sorting complex required for transport (ESCRT) proteins, which are recruited temporarily at late stages of assembly to mediate scission. 28, 29 Further investigation into how a host cell ncRNA is recruited so specifically and 
| MATERIALS AND METHODS
| Cells, plasmids, and transfection
All cells were grown in DMEM (Dulbecco's Modified Eagle Medium;
with pyruvate, Gibco) with 10% fetal bovine serum (FBS) at 37 C and 5% CO 2 using standard sterile techniques. A HeLa cell line stably expressing MS2-NLS-mCherry was generated as previously described. 25 Plasmids for the expression of HIV-1 Gag, Gag-mEGFP were described previously. 25, 29 The pHIV-GPP proviral plasmid 18 VLPs were pelleted by ultracentrifugation through a 20% sucrose-PBS cushion for 2 hours at 27 000 rpm, re-suspended in 150 μL PBS, and deposited on 35 mm glass-bottom MatTek dishes with no. 1.5
FIGURE 5 7SL associates with Gag-GFP in the cytoplasm and at the plasma membrane. A, HEK293T cells were transfected with Gag-GFP and cells harvested after 24 hours. After removing nuclei and unbroken cells, lysates were fractionated in flotation gradients. Proteins from gradient fractions were subjected to western blotting to detect Gag (top panel), while extracted RNAs were subjected to Northern blotting to detect 7SL RNA (bottom panel). Gag-GFP was predominantly in Fractions 2, 3 (plasma membrane fractions), and 10 (cytoplasm). 7SL was primarily in fractions 3 and 9-11 (B). Fractions 2, 3, and 10 were subjected to immunoprecipitation with anti-GFP antibodies. RNAs extracted from the input, the supernatants and the immunoprecipitate were subjected to Northern blotting to detect 7SL RNA. The top panel is a light exposure, the bottom, a much darker one. 7SL is detected in the immunoprecipitates from both fraction 3 (plasma membrane) and fraction 10 (cytoplasm) coverslips coated with poly-D-lysine (Cultrex) for 1 hour before being imaged in PBS at 37 C. Microspheres Size Kit, T14792, Invitrogen) mounted on a slide. 34 The microscope was pre-warmed to 37 C prior to imaging and temperature was maintained during imaging.
| Microscope setup
| Image analysis
To quantify the amount of colocalization between Gag and 7SL ncRNA signals, the fluorescent Gag image was converted into a mask (threshold set to the mean fluorescent intensity +2SD of the signal).
To determine whether the signal is spatially correlated, the mask was shifted horizontally in single pixel increments to the right (+1) and to the left (−1). To determine the amount of correlation expected of the two fluorescent signals due to pure overlap, the mask was also rotated 90 and the same pixel shifting analysis was performed.
